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Summary
The establishment of Drosophila embryonic dorsal-ventral
(DV) polarity relies on serine proteolytic activity in the perivi-
telline space between the embryonic membrane and the
eggshell [1]. Gastrulation Defective cleaves and activates
Snake, which processes and activates Easter, which cleaves
Spa¨tzle to form the activating ligand for the Toll receptor.
Ventral restriction of ligand formation depends on the Pipe
sulfotransferase, which is expressed in ventral cells of the
follicular epithelium surrounding the developing oocyte
[2]. Pipe modifies components of the developing eggshell
to produce a ventral cue embedded in the vitellinemembrane
[3]. This ventral cue is believed to promote one ormore of the
proteolysis steps in the perivitelline space. By examining the
processing of transgenic, tagged versions of the perivitel-
line proteins during DV patterning, we find that the proteol-
ysis of Easter by Snake is the first Pipe-dependent step
and therefore the key ventrally restricted event in the
protease cascade. We also find that Snake and Easter asso-
ciate together in a complex in both wild-type and pipe
mutant-derived embryos. Thisobservation suggests amech-
anism in which the sulfated target of Pipe promotes a
productive interaction between Snake and Easter, perhaps
by facilitating conformational changes in a complex contain-
ing the two proteins.
Results and Discussion
Pipe Function Is Required for the Processing of Easter
and Spa¨tzle but Not for the Processing of Gastrulation
Defective or Snake
To determine the first step in the protease cascade at which
Pipe exerts its effects on the dorsal-group serine protease
cascade, we generated functional versions of Gastrulation
Defective (GD), Snake, Easter, and Spa¨tzle, tagged at their car-
boxy termini either with the enhanced M6 version of green fluo-
rescent protein (GFP) [4] or with a peptide tag consisting of
three tandem copies of the HA epitope from Influenza Hemag-
glutinin [5]. When expressed in the germline of females homo-
zygous for their corresponding dorsal-group mutations, each
of the tagged proteins was capable of restoring lateral and/
or ventral pattern elements to progeny embryos that would
otherwise have been completely dorsalized (data not shown).
The germline-specific Gal4 driver, nos-Gal4:VP16 [6], was
used to express each of the tagged dorsal-group proteins in
females carrying loss-of-function alleles of various dorsal-
group genes. Extracts prepared from blastoderm-stage prog-
eny embryos were subsequently subjected to SDS-PAGE*Correspondence: d.stein@mail.utexas.edufollowed by Western blot analysis using antibodies specific
either for GFP or for the HA epitope. Western blot analysis of
embryonic extracts derived from wild-type females expressing
GD-GFP demonstrated the presence of an unprocessed
zymogen form of the transgenic protein of 90 kD, as well as
a 73 kD species corresponding to a processed form of the
protein (Figure 1A). The processed form of GD-GFP was
present in embryos from females carrying loss-of-function
alleles of pipe, gastrulation defective (gd), snake (snk), easter
(ea), and spa¨tzle (spz), but not in the progeny of females lack-
ing nudel (ndl) function. These results are consistent with
the observations of Lemosy et al. [7], who detected a 46 kD
putative processed form of HA-tagged GD in embryos from
wild-type and pipe mutant females, but not in embryos from
GD-HA-expressing ndl mutant females. Thus, the Nudel
protease domain appears to be necessary for the processing
of GD, but neither pipe nor any of the other dorsal-group
proteins are required. It is presently unclear whether the Nudel
protease acts directly to mediate the processing of GD [7] or,
alternatively, whether the function of Nudel in the modification
and maturation of the eggshell [8] provides a permissive
environment for GD proteolysis. Although GD has also been
observed to undergo a Snake-dependent cleavage event in
cultured cells [7, 9], the snk alleles that we used in this analysis
carry stop codons near the N terminus of the Snake open
reading frame [10], showing that Snake is not required for
GD processing in vivo.
Embryos produced by wild-type females expressing Easter-
GFP (Ea-GFP) contained an unprocessed zymogen form of
the transgenic protein of 78 kD, as well as a 63 kD species
corresponding to the cleaved, activated form of the protein
(Figure 1B). The ability to visualize the lower-molecular-weight,
processed form of Ea-GFP contrasts with the situation for
wild-type endogenous Easter protein, in which all processed
Easter is observed in a high-molecular-weight species of
80–85 kD, Easter-X [11], which represents a covalently linked
complex between activated Easter and the serine protease
inhibitor Serpin27A [12, 13]. In wild-type embryos, processed
Easter rapidly forms a covalent linkage with Spn27A, and the
proportion of the 35 kD processed form of Easter that is not
bound to Spn27A is undetectable on Western blots. The ability
to detect cleaved Ea-GFP that is not complexed with Spn27A
in our experiments is likely due to the high levels of Ea-GFP
expressed under the control of nos-Gal4:VP16, and may also
be enhanced by increased stability of GFP-tagged protein.
Embryos from wild-type females expressing Ea-GFP also con-
tained two higher-molecular-weight species detected with
anti-GFP. One of these species has a mass consistent with
Ea-GFP-X (see position of asterisk in Figure 1B), whereas the
other species, referred to here as Ea-GFP-XX, has a much
larger molecular weight of approximately 180 kD (paired aster-
isks in Figure 1B). Both of these higher-molecular-weight
species also contain Spn27A (data not shown).
The processed form of Ea-GFP was not detected in embryos
from females mutant for pipe, ndl, gd, or snk, nor were either
of the Spn27A-associated versions of processed Ea-GFP. In
contrast, all three forms of processed Ea-GFP were present
in the extracts of embryos from females mutant for ea and
Figure 1. Processing of Easter and Spa¨tzle, but
Not of Gastrulation Defective and Snake, Is
Dependent upon Pipe Activity
(A) Processing of GD-GFP in embryos from
females expressing GD-GFP in various dorsal-
group mutant backgrounds. Maternal dorsal-
group phenotypes are shown at the top of each
lane. The position of molecular weight markers
(in kD) is shown at left. In this and all subsequent
panels showing the results of Western blot anal-
ysis, the arrow followed by ‘‘z’’ indicates the posi-
tion of the unprocessed, zymogen form of the
fusion protein, and the arrowhead followed by
‘‘c’’ indicates the position of the cleaved form of
the fusion protein.
(B) Processing of Ea-GFP in embryos from
females expressing GD-GFP in various dorsal-
group mutant backgrounds. Note the presence
of bands representing the Ea-GFP-X and Ea-
GFP-XX forms of the protein, corresponding to
processed forms of the protein complexed with
Spn27A (marked with a single asterisk and two
asterisks, respectively). The identification of the 63 kD species as the cleaved form of Ea-GFP, not bound to Spn27A, is confirmed by its comigration
with the EaDN-GFP construct (far right lane), which corresponds to the putative processed catalytic region of Easter fused to GFP.
(C) Processing of Spz-GFP in embryos from females expressing Spz-GFP in wild-type, pipe, and ea mutant backgrounds. The identity of the cleaved form of
Spz-GFP is confirmed by its comigration with SpzDN-GFP, which corresponds to the putative Toll-binding domain of Spa¨tzle, fused to GFP (far right lane).
(D) Processing of Snk-GFP in embryos from females expressing Snk-GFP in various genetic backgrounds. The identity of the processed form of Snake-GFP
is confirmed by its comigration with SnkDN-GFP, which corresponds to the catalytic domain of Snake, fused to GFP (far right lane).
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showed that Easter processing is dependent upon the pres-
ence of pipe activity. Furthermore, given that active processed
Easter is required for the cleavage of Spa¨tzle, we expected
that a tagged version of Spa¨tzle (Spz-GFP) would fail to exhibit
processing in embryos from females mutant for either pipe or
ea. This result, shown in Figure 1C, is consistent with results of
Morisato and Anderson [15], who showed that endogenous
Spa¨tzle protein is not processed in embryos produced by
females homozygous for mutations in any of the genes that
act upstream of Toll in the pathway, including pipe and ea.
In contrast to Ea-GFP and Spz-GFP, both the 80 kD Snk-GFP
zymogen and the 58 kD processed form of Snk-GFP were
detected in all genetic backgrounds tested (Figure 1D). Strik-
ingly, the levels of processed protein in embryos from pipe
mutant mothers were indistinguishable from those produced
by wild-type-derived embryos. In contrast, the levels of pro-
cessed Snk-GFP were detectably lower in embryos from
females mutant for either gd or ndl. This is consistent with
studies carried out in cell culture, in which coexpression of
Snake and GD resulted in processing of Snake [7, 9]. We also
observed a similarly low level of processing in embryos from
wild-type females expressing a version of Snk-GFP, in which
the amino acid sequence of the putative zymogen cleavage
site, serine-valine-proline-leucine, was converted to serine-
valine-lysine-lysine (data not shown). Snake carrying this
alteration fails to undergo cleavage by GD when the two
proteins are expressed together inDrosophilaS2 tissue culture
cells [7]. This suggests that the low level of Snake cleavage that
occurs in the absence of GD and Nudel is due to another
protease in embryos that is capable of processing Snake at
a nearby site.
Pipe Activity Determines the Level of Easter and Spa¨tzle
Processing
Our results indicate that Pipe activity is required for theprocess-
ing of Easter and consequently for the processing of Spa¨tzle,
but not for the processing of GD and Snake. If the processingof Easter by Snake is the initial Pipe-dependent, ventrally
restricted processing event, then the processing of Easter and
Spa¨tzle, but not that of GD or Snake, should be enhanced by
an increase in the level of Pipe activity. To test this, we
used the female germline-specific Gal4 driver, pCOG-Gal4:
VP16 [6], to express HA-tagged versions of Snake, Easter, and
Spa¨tzle together withhsp70-pipe, a transgene that is expressed
constitutively throughout the follicle cell layer [16]. Embryos
from females that expressed Snake-HA (Snk-HA), Easter-HA
(Ea-HA), or Spa¨tzle-HA (Spz-HA) together with hsp70-pipe
exhibited an increase in their relative level of ventralization in
comparison to the phenotypes of embryos from females
expressing these transgenes in the absence of hsp70-pipe
(Figure 2A). As shown in Figure 2B and Figure 2C, higher levels
of processing of Ea-HA and Spz-HA were observed in embry-
onic extracts derived from females expressing the transgenes
together with hsp70-pipe. The enhancement in Ea-HA process-
ing was detected in the form of increased levels of the 82 kD
Ea-GFP-X. In these experiments, Ea-HA expressed under the
control of pCOG-Gal4:VP16 was present at much lower levels
than Ea-GFP expressed with nos-Gal4:VP16. Moreover, Ea-HA
appeared tobe unstable, in comparison to Ea-GFP,as indicated
by the presence of multiple Ea-HA degradation products
(Figure 2B). Presumably, sufficient Spn27A was present to
complex with all of the EaDN-HA that was produced. Similarly,
the ability to detect processed Spz-GFP when expressed under
the control of nos-Gal4:VP16 (Figure 1C), but not Spz-HA
expressed under the control of pCOG-Gal4:VP16 (Figure 2C),
presumably resulted from the lower levels of Spz-HA expres-
sion directed by pCOG-Gal4:VP16 and from decreased stability
of the HA-tagged protein.
In contrast to the situation for Ea-HA and Spz-HA, the levels
of processed Snk-HA were not influenced by the presence or
absence of hsp70-pipe in mother flies (Figure 2D). Together,
these results support our conclusion that the first step in the
dorsal-group serine protease cascade that is regulated by
pipe, and therefore restricted to the ventral side of the perivi-
telline space, is the processing of Easter by Snake.
Figure 2. Increased Pipe Expression Leads to an Increase in
the Processing of Easter and Spa¨tzle, but Not to Increased
Processing of Snake
(A) Cuticle preparations of embryos from females expressing
Snk-HA (left column), Ea-HA (middle column), and Spz-HA
(right column), in the absence (top row) or presence (bottom
row) of hsp70-pipe. Note that for each transgene, expression
in females together with the hsp7-pipe transgene leads to
the production of embryos with a more strongly ventralized
phenotype.
(B) Processing of Ea-HA in embryos from females expressing
the fusion protein in an otherwise wild-type background
(lane 1 at left), in a wild-type background together with
the hsp70-pipe transgene (lane 2), and in a pipe mutant
background (pipe genotype = pipe1/pipe3). The arrow fol-
lowed by ‘‘z’’ indicates the position of the zymogen form of
the protein. Note that the increase in Ea-HA processing
observed in the presence of hsp70-pipe is detected as
increased amounts of Ea-HA-X (asterisk). No Ea-HA-X is
detected in extracts of embryos from pipe mutant mothers
(far right lane).
(C) Processing of Spz-HA in embryos from females express-
ing the fusion protein in the absence (left lane) or presence
(right lane) of the constitutively expressed hsp70-pipe trans-
gene. The arrow followed by ‘‘z’’ indicates the position of the
zymogen form of the protein, and the arrowhead followed by
‘‘c’’ indicates the position of the cleaved form of the protein.
(D) Processing of Snk-HA in embryos from females expressing the fusion protein in the absence (left lane) or presence (right lane) of the constitutively
expressed hsp70-pipe transgene.
For (B), (C), and (D), the positions of molecular-weight markers, in kD, are shown at left.
Pipe Controls Processing and Activation of Easter
1135Easter-HA and Snake-GFP Are Present in a Complex
To test whether the role of Pipe in dorsal-ventral (DV)
patterning is to facilitate the formation of a complex between
Snake and Easter, Ea-HA and Snk-GFP were expressed
together in wild-type females with the use of the nos-Gal4:
VP16 driver. When an anti-HA antibody was used to precipitate
Ea-HA from wild-type-derived embryos (Figure 3A, lower(C) Extracts of embryos from otherwise wild-type females expressing various f
tion using anti-HA. Immunoprecipitates were subjected to Western blot analysis
(arrow, top panel), EaDN-GFP (arrowhead, top panel), Easter-HA zymogen (whit
are indicated. Note that coprecipitation of Snake by Easter required the presenc
Easter (lane 3).panel), Snk-GFP was observed to coprecipitate (Figure 3A,
upper panel). In addition to the Ea-HA zymogen, we also
detected the precipitation of a larger-molecular-weight
species, likely to correspond to Ea-HA-X (Figure 3A, arrow-
head in lower panel). Ea-HA and Snk-GFP also coprecipitated
from extracts of embryos produced by pipe mutant females.
In this instance, no Ea-HA-X appeared to be precipitated,Figure 3. Coprecipitation of Snake and Easter Is
Not Dependent upon Pipe Activity
(A) Extracts from embryos produced by females
expressing Snk-GFP either with (left and middle
lanes) or in the absence of (right lane) Ea-HA
were subjected to immunoprecipitation with
anti-HA. Extracts were divided into two portions
and subjected to Western blot analysis with
anti-HA (to detect the precipitated Ea-HA)
(bottom panel) and with anti-GFP (to detect the
coprecipitating Snk-GFP) (top panel). Note that
Snk-GFP zymogen coprecipitated with Ea-HA
from extracts of embryos from otherwise wild-
type (left lanes) or pipe1/pipe3 females (middle
lanes). The arrowhead in the top panel indicates
the position of putative processed Snk-GFP co-
precipitated from pipe1/pipe3 mutant-derived
embryos, and the arrowhead in the bottom panel
indicates the position of Ea-X precipitated from
wild-type-derived embryos.
(B) Cuticle preparations of embryos from females
expressing Ea-HA together with Snk-GFP in
otherwise wild-type (top panel) or pipe1/pipe3
(bottom panel) females. Note that despite the
fact that Ea-HA and Snk-GFP coprecipitate
in embryos from pipe mutant mothers (see
Figure 3A), the embryos are dorsalized.
usion proteins (indicated by +’s at top) were subjected to immunoprecipita-
using anti-GFP to detect coprecipitating proteins. The positions of Snk-GFP
e asterisks, bottom panel), and Snk-HA zymogen (arrowhead, bottom panel)
e of the Snake prodomain (compare lanes 1 and 2) but not the prodomain of
Figure 4. Functional Interactions between the Perivitelline
Space-Localized Components of the Dorsal-Group Signal
Transduction Pathway
‘‘z’’ and ‘‘c’’ refer to the zymogen and the cleaved, activated
forms of Nudel, GD, Snake, Easter and Spa¨tzle. Vertical
arrows indicate processing events in which precursor
proteins are converted to their active products. Horizontal
and diagonal arrows indicate the effectors required for
each of the processing events. The curved arrows that
connect Ndl-z and Ndl-c indicate that Ndl undergoes activa-
tion by autoprocessing. The dotted line indicates that
although processed Ndl is required for the formation of pro-
cessed GD, it is unknown whether Ndl directly processes
GD. Other structures and molecules are as labeled in the
figure. Note that the pathway leading to processed Spz is
branched. Snake processing and Pipe-target-mediated
facilitation of Easter processing by Snake are independently
required for the formation of the Toll ligand.
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higher levels of Ea-HA and Snk-GFP precipitated from pipe-
derived embryos than from wild-type-derived embryos. Addi-
tionally, a lower-molecular-weight protein, likely to correspond
to the cleaved form of Snk-GFP, was detected in precipitates
from pipe-derived embryos (Figure 3A, arrowhead in upper
panel). The activated proteases have been reported to be
destabilized after zymogen cleavage [7]. In the pipe mutant
background, where Easter-HA is not processed, higher levels
of unprocessed and processed Snake-GFP would be ex-
pected to be present. Moreover, in wild-type embryos the
precipitated Ea-HA-X, covalently bound to Spn27A, would be
unable to bind Snake-GFP, thus decreasing the amount of
coprecipitated Snk-GFP in the wild-type versus the pipe
mutant-derived background. Importantly, whereas wild-type
females expressing Ea-HA and Snk-GFP produced ventralized
embryos, pipe mutant females expressing the two proteins
produced dorsalized progeny (Figure 3B, bottom panel),
despite the two proteins being present in a complex.
Finally, we carried out additional coprecipitation experi-
ments to determine which segments of Easter and Snake
were necessary for the two proteins to be present in a complex.
Easter lacking its prodomain (EaDN-GFP) was present in
a complex with Snk-HA (Figure 3C, lane 3), whereas Snake
lacking its prodomain (SnkDN-GFP) was not in a complex
with Ea-HA (Figure 3C, lane 2). These results indicate that
the Easter catalytic domain and the Snake prodomain are
required for this interaction, whereas the Easter prodomain
region is dispensible.
A single protein isoform derived from the pipe locus is
essential for embryonic DV polarity [17]. The expression of
this isoform in ventral follicle cells of the egg chamber leads
to the sulfation of eggshell components that become incorpo-
rated into the eggshell near their site of synthesis [3]. These
sulfated species facilitate the formation of the Toll ligand adja-
cent to the ventral side of the embryo. Our results indicate that
the processing of Easter by Snake is the event that is regulated
by the sulfated target(s) of Pipe. Importantly, this result
indicates that the proteolytic pathway leading to Spa¨tzle
activation is not linear. Rather, it is branched, with both the
Nudel- and GD-dependent processing of Snake and the Pipe-dependent facilitation of Easter cleavage by processed Snake
being distinct and essential activating inputs (Figure 4).
Three likely regulatory mechanisms could control the
ventral processing of Easter by Snake. First, the sulfated
Pipe target could act to localize Snake and/or Easter to the
ventral side of the embryo. This seems unlikely, as none of
the GFP-tagged proteins examined here were enriched in the
ventral perivitelline space of embryos from wild-type females
(data not shown).
A second possible control mechanism would involve a serine
protease inhibitor of Snake protein whose effects were coun-
teracted on the ventral side of the embryo by the sulfated
target of Pipe. A series of dominant ventralizing alleles of ea
have been identified, carrying mutations near the active site
of the catalytic region of the protein [18]. These are considered
to perturb the mutant proteins’ abilities to interact with Spn27A
[19]. However, no dominant ventralizing mutant alleles of snk
have been isolated, which suggests that a similar dedicated
protease inhibitor does not exist for Snake.
On the basis of the results reported here, we favor a third
scenario in which Snake and Easter, and perhaps other
components of the dorsal-group protease cascade, form
a diffusible complex in the perivitelline space. We hypothesize
that Easter cannot be processed until the complex encounters
the ventrally localized sulfated target of Pipe, at which time the
complex undergoes a conformational change that facilitates
the cleavage of Easter by Snake, perhaps by exposing the
zymogen-cleavage target site of Easter or by bringing Snake
and Easter into juxtaposition. The observation that transgeni-
cally expressed SnkDN-GFP does not form a stable complex
with Easter-HA may seem inconsistent with a model in which
the sulfated Pipe target modulates the interaction between
activated Snake and Easter zymogen. However, a disulfide
bond is believed to link the prodomain and catalytic regions
of full-length Snake [20]. After Snake zymogen processing,
the two Snake protein fragments are predicted to remain
linked to one another. As we have shown, coprecipitation
between Easter and Snake requires the Snake prodomain
(Figure 3C). Additionally, we have detected coprecipitation of
processed Snake by Easter (Figure 3A). Presumably there
exists a population of Easter zymogen that is complexed to
Pipe Controls Processing and Activation of Easter
1137processed Snake via the cleaved Snake prodomain, which
remains disulfide bonded to the catalytic domain. This is likely
the complex that is acted upon by the sulfated Pipe target.
Although the dependence of Spa¨tzle cleavage upon Pipe
may be indirect and arise solely through the Pipe-dependent
processing of its activating protease, we cannot rule out the
possibility that Spa¨tzle is also present in a complex together
with Snake and Easter, with a Pipe-dependent conformational
change in the complex also acting directly to enhance Spa¨tzle
cleavage by Easter, perhaps by facilitating an interaction
between processed Easter and the precursor form of Spa¨tzle.
Ongoing experiments are directed toward determining the
extent to which conformational changes affecting compo-
nents of the perivitelline dorsal-group proteins, brought about
by Pipe action, lead to the processing of Easter and Spa¨tzle
and, in turn, to the formation of the Drosophila embryonic DV
axis.
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